Summary &mdash; In an andesitic dystrochrept clay forest soil, the effect of a different number of passes of a rubber-tyred skidder on bulk density, total porosity and saturated hydraulic conductivity was studied. Soil samples were taken in undisturbed areas, and under skid trails with 1, 2, 3, 5 and 10 machine passes. Most compaction occurred after the initial few passes, but bulk density also increased significantly after more than 3 passes. Increases in bulk density were still important at the maximum sampling depth of 20 cm. Total porosity decreased for all treatments, associated with a reduction of macropores. The saturated hydraulic conductivity became significantly reduced after the first initial passes. 
INTRODUCTION
In Chile, forestry-related activities have increased substantially during the last 15 yr. This is partly due to the growth of the area under plantations at an average of 79 000 ha yr since 1973, reaching more than 1 240 000 ha in 1986 (Instituto Forestal, 1987) . Increased mechanization and the use of heavy machinery in logging operations have caused severe disturbances to forest soils, and compaction effects have been widely reported within the country (Monrroy, 1981; Gayoso, 1982; Gayoso and Iroumé, 1984) .
According to Beekman (1987) compaction alters the soil's physical and mechanical properties and leads to a less favorable condition for plant growth, which in turn leads to a decline in site productivity (Gessel, 1981) and reduces the present net worth of future timber harvests (Routledge, 1987) .
Compaction can extend to a considerable depth of the soil profile (Moehring, 1970) and the major compaction occurs during the first passes of machinery (Adams and Froehlich, 1981) . Upon compaction, soil strength increases while total porosity, available water, air content, infiltration rate and saturated hydraulic conductivity decrease (Incerti et al, 1987) . As a consequence, tree growth can be reduced because of restrictions in root de- velopment, water supply and aeration (Corns, 1988; Vepraskas, 1988) . In addition, surface runoff may increase and soil erosion be promoted (Sidle, 1980; Standish et al, 1988) .
The extension of soil disturbances can be reduced by designing skid trails prior to harvesting (Froehlich et al, 1981 (Fuenzalida, 1965) . Annual rainfall in the city of Valdivia (9 m above sea level) ranges from 1 752 to more than 2 936 mm (Fuenzalida, 1965 In the top 5 cm of the soil profile of each plot, 9 undisturbed core samples of 100 cm 3 were collected. In addition, 3 samples of 100 cm 3 were taken from each of the following depths in the soil profile: 6 to 10, 11 to 15, and 16 to 20 cm. The soil samples were oven-dried at 105 °C for 24 h to obtain dry bulk density and total porosity (Lee et al, 1983) .
From the top 12 cm of the soil profile, 6 undisturbed core samples of 940 cm 3 were also collected in each plot. The samples were saturated and the saturated hydraulic conductivity was measured using a constant head permeameter, according to Head (1982) .
All intact core samples were collected using a double-cylinder hammer-driven core sampler, and all sample points were randomly selected. Traffic and sampling occurred during the wet period. Soil water content in undisturbed areas was 84% in surface (0-10 cm deep) and 66% in the 11-20 cm deep layer.
RESULTS AND DISCUSSION
In areas with a 10% slope, the differences between the results of soil alterations under trails where the skidder snig logged 2 and 4 m 3 , respectively, were statistically non significant, and are presented as belonging to the same data population.
Bulk density and total porosity
The results in figure 1 show that in areas with a 10% slope, the bulk density in the top 5 cm of the soil increased by 11% after 10% slope, bulk density also increased in depth under the skid trails with a 20% slope. After 10 machine passes, the bulk density increased by 52% between 6 to 10 cm depth, 46% between 11 to 15 cm, and 43% between 16 to 20 cm.
These increases differ from those presented by Adams and Froehlich (1981) and Incerti et al (1987) but can be explained by different soil types and conditions, and logging equipment. Moehring and Rawls (1970) found that more severe compaction occurs from traffic on saturated than on dry soils.
In trails with a 20% slope, the increase in bulk density for all different numbers of machine passes and depths was significantly higher as compared with those observed in trails with a 10% slope. This may be a consequence of the difficulties that the skidder found when logging in steep terrains. Under these conditions the machine slipped continuously and remained for a longer period of time in a given place, puddling and dragging the soil.
From figures 1 and 2 it can be seen that most compaction occurred after the first few passes, although bulk density still increased significantly after more than 3 passes for all layers. This is slightly different from data presented by Froehlich (1978) and Adams and Froehlich (1981) .
From Rogowsky (1972) , Talsma and Hallam (1980) slope, the geometric mean value for K decreased by 35% after 1 pass, 89% after 2 machine passes, 90% after 3 machine passes, 93% after 5 passes, and 99% under trails with 10 skid passes. In areas with a 20% slope, K decreased by 90% after 1 pass, 94% after 2 machine passes, 97% after 3 passes, 98% after 5 passes, and 99% under trails with 10 skid passes.
In spite of the variations of 1-2 orders of magnitude of K, the higher values of antilog S were not much greater than 2, and for some of the individual treatments even smaller than 2. This value (2) for the index of variability has been tentatively suggested by Rogowsky (1972) The decrease in hydraulic conductivity is related to a decrease in total porosity. The best relationship found between the geometric mean of K (in m·day -1 ) and total porosity (TP in %) obtained from the top 12 cm soil samples is :
The coefficient of determination of Eq 5 is significant at the &alpha; = 0.01 level.
The saturated hydraulic conductivity decreased by 90% (ie from 2.078 to 0.216 m·day -1 ) with a decrease in total porosity of only 5% (ie from 75 to 71%). This last value of total porosity was achieved after 1 to 3 passes. A further decrease in K by 92% (ie from 0.216 to 0.018 m·day -1 ) was associated with an additional decrease in total porosity of 20% (ie from 71 to 57%).
This may be a consequence of a strong reduction of macropores during the first levels of compaction (after 1 to 3 machine passes). After the initial passes, the reduction of total porosity may be caused by a decrease of pores of all sizes, which results in a slower reduction of K.
Although saturated hydraulic conductivity is not the only factor that determines surface runoff, in a first approach it can be said that runoff will occur when the rainfall rate exceeds K. From rainfall data for the studied area, rainfall events with a recurrence interval of 20 yr can be estimated at 0.15 m·d -1 , and the soil is able to allow the infiltration of such events in areas with less than 2 to 5 skid passes. Because hydraulic conductivity determined in situ can be an order of magnitude smaller than results measured from core samples (Topp and Binns, 1976) , runoff may occur more often than predicted.
As occurs with bulk density, the saturated hydraulic conductivity can also recover. Perry (1964) 
